This paper presents an optimal Direct Torque Control (DTC) strategy for Doubly Fed Induction Generator based wind turbine.
Introduction
Fatal energy shortage and environmental pollution have led to more interest in renewable energy; one of the most attractive renewable energy sources for generating electrical power is wind energy. Exploitation of this endless energy is increasing rapidly worldwide [1] . Nowadays, the most widely used wind turbine generator is a Doubly Fed Induction Generator (DFIG) due to its variable speed operation, reactive power capability, and four-quadrant mode [2] . The Voltage Source Converter only needs to handle a fraction (25 % -30 %) of the total power to achieve full control of the generator which means a low amount of power losses and reduced cost [1] .
These advantages make them more interesting as compared to the Synchronous Generator (SG) based Wind Energy Conversion System (WECS). The behavior of the Voltage Source Converter and the associated wind turbine generator relies on the performance of its control system. With well-designed controllers, it is possible to increase power quality and improved dynamic performance. In recent studies, modern control techniques such as variable structure control, predictive control and intelligent control [3] [4] [5] [6] , have been intensively investigated for controlling the nonlinear components in power systems. However, these control techniques have few real applications due to their complicated structures.
Direct Torque Control (DTC) based on hysteresis comparators and conventional controllers (Proportional Integral PI, Variable Gain Proportional Integral VGPI), is still the most commonly used control technique in power systems. Unfortunately, even if the structures of the conventional controllers are simple, their tuning is tedious due to the nonlinearity and the complexity of the system.
In recent years, studies using Swarm Intelligence algorithms as a tool for tuning the controller's parameters have increased such as Particle Swarm Optimization (PSO), ant colony, artificial bee, differential evolution and genetics [7, 8] .
The advance in the use of Swarm Intelligence such as a PSO algorithm in engineering applications brings an opportunity for researchers to improve and advance in the design and optimization of systems [9] .
In this paper, an optimal Direct Torque Control based DFIG wind turbine system is proposed. The hysteresis comparators bandwidths designed for torque and rotor flux control, and the parameters of the Variable Gain PI speed tracking controller used for Maximum Power Point Tracking (MPPT) are both adjusted applying the Particle Swarm Optimization (PSO) Algorithm. The aims of their optimization are to reduce the torque and rotor flux ripples for maximum wind power generation. PSO algorithm is preferred to optimize the gain parameters of controllers used in the proposed strategy since, when compared with the other swarm algorithms, its concept can easily be modeled on a computer and requires less computational memory [7, 8] .
Firstly, conventional Direct Torque Control method of Doubly Fed Induction Generator is presented with speed tracking control based on PI controller for MPPT Wind Energy Conversion System, and then the PI controller is substituted by a VGPI controller. Using Particle Swarm Optimization (PSO) algorithm, VGPI parameters and hysteresis comparators bands are tuned for optimum wind power generation and improved dynamic performances.
Wind Energy Conversion System modeling 2.1 Wind turbine model
Power generated by the wind turbine is given by:
Where ρ is air density, A is the area swept by the rotor blades, v is the wind speed, C p is the coefficient of power conversion and β is the blade pitch angle. The Tip Speed Ratio is given by:
Where R and ω t are the rotor radium and shaft speed, respectively [10] . The characteristic of C p λ β , ( ) can be approximated by nonlinear function: . .
By using Eq. (3), the 3D plot of C p versus λ for different values of the angle β is shown in Fig. 1 . The aerodynamic torque of the wind turbine is given by:
The role of the gearbox G is to transform the turbine speed to the generator speed, and the aerodynamic torque to the torque applied on the shaft of the generator according to the Eqs. (6), (7) [10]:
Where ω r and G are the rotor angular velocity and the gear ratio, respectively. The dynamic equation of the wind turbine is given:
Doubly Fed Induction Generator model
The DFIG model in the rotor reference frame is expressed as Eqs. 
Where v s r and v r r are the stator and rotor voltages, i s r and i r r are the stator and rotor currents, ψ s r and ψ r r are the stator and rotor fluxes, R s , R r , L s , L r and L m are the stator resistance, the rotor resistance, the stator inductance, the rotor inductance, and the mutual inductance, respectively. ω r is the rotor speed. The electromagnetic torque developed by DFIG is expressed as Eq.(13) [11, 12] :
Where n p is the number of pole pairs.
Voltage Source Converter model
The three phases and two level Voltage Source Converter (VSC) is used. The output voltage of VSC can be framed by Eq. (14) [12] . Where V ra , V rb and V rc are the output voltage of VSC and U dc is the input DC voltage.
The converter output voltages in the rotor frame are given by Eqs. (15) and (16) .
3 Control strategy 3.1 MPPT control Maximum Power Point Tracking (MPPT) algorithms are designed to search for the optimum operating point that allows the wind turbine to extract the maximum power from the available wind energy as shown in Fig. 2 . Several MPPT control strategies have been proposed in the literature [13] [14] [15] [16] . The MPPT employed in this study relies on the Tip Speed Ratio (TSR) control, which regulates the rotor speed, while keeping the TSR at its optimum value to capture the maximum wind power, at this value, C p λ β , ( ) is equal to its maximum value that is C p max achieved for β = 0 [13] [14] [15] [16] [17] according to Eq. (2):
The optimum power from a wind turbine can be written as:
PI controller for MPPT based TSR control
The basic TSR control method regulates the rotor speed using a Proportional and Integral (PI) controller in order to maintain the Tip Speed Ratio λ to an optimum value λ opt at which extracted power is maximum. From Fig. 3 , the closed-loop transfer function of the system above is ζω ω .
The expressions of the proportional and the integral gains could be gotten easily using the two previous equations; Eq. (20) and Eq. (21) [18] :
VGPI controller for MPPT based TSR control
In this paper, the speed PI controller of MPPT based TSR control is replaced by a VGPI speed controller as illustrated in Fig. 4 , to overcome a problem of overshoot during startup which is the most drawback of using a PI controller for speed tracking [19, 20] . The VGPI controller has the same structure of a classical PI controller with a variable proportional and integrator gains only along a controller's gain tuning polynomial curve with time [19] .
The proposed controller has four tuning parameters: • Initial gain value or startup setting which permits overshoot elimination. • Final gain value or steady state mode setting. • Gain transient mode function which is a polynomial curve. • Saturation time which is the time at which the gain reaches its final value.
The degree n of the gain transient mode polynomial function is defined as the degree of the VGPI controller.
If e t ( ) is the signal input to the VGPI controller then the output is given by Eq. (23) [20, 21] :
Where k pi and k pf are respectively the initial value and the final value of the proportional gain and k if the final value of the integrator gain of variable gain controller. t s is the saturation time and n is the degree of the variable gain controller the initial value of k if taken to be zero [21] .
Direct Torque Control of DFIG
To control the electromagnetic torque in Direct Torque Control method used for DFIG it is necessary to control rotor flux vector magnitude and its angle which is measured in correspondence to stator flux vector in rotor frame [19, 23] :
Where δ sr is the angle between the rotor and the stator flux vector. Equation (26) shows that the torque depends on generator parameters, rotor, and stator fluxes magnitude and the angle between them. The rotor flux can be fully controlled via the Voltage Source Converter. By keeping the magnitude of rotor flux within a desired range, the electromagnetic torque becomes directly related to δ sr . Estimator block calculates torque, rotor flux and angle from the measured voltages and currents by the Eqs. (27)-(30) [12, 22, 23] : 
The DTC system of DFIG consists of a rotor flux and torque estimator, a speed controller, a flux controller, a torque controller, and an optimum switching table (Table 1) . Torque and flux references are compared with the actual values and a two-level for flux, and a three-level for torque hysteresis control method produces control signals [12, 22, 23] .
Flux and torque hysteresis comparators
In DTC control, constant flux can be obtained by comparing the primary flux with the command flux. The output of the flux comparator will be Eq. (31) [22, 23] : 
TSR Mppt Fig. 4 The MPPT based TSR with speed tracking control [18] Table 1 Switching Table (k = 1 , 2, …, 6.) [11] .
The output of the flux controller is a two levels hysteresis comparator as shown in Fig. 5 . The DTC is acquired by sufficient selection between active and zero voltage vectors. Hence, when the torque T e is small compared with T e * it is necessary to increase T e as fast as possible by applying the fastest vector. On the other hand, when T e reaches T e * it is better to decrease T e as slowly as possible.
Thus the output of the torque controller can be classified by Eq. (32): 
The output of the torque controller is a three-level hysteresis comparator as shown in Fig. 6 . The inverter output voltages are given by the outputs of the flux and torque comparators and the angle δ sr . Fig. 7 illustrates the conventional DTC control strategy for a DFIG based wind turbine [12, 22, 23] .
Proposed optimal DTC control strategy
This paper presents an optimal Direct Torque Control allowing DFIG based wind turbine to extract maximum wind energy. In this study, the stator of DFIG is connected to the grid and the rotor is linked to the grid by a Voltage Source Converter. Generator speed, electromagnetic torque and rotor flux of DFIG are controlled by a combination of Variable Gain PI controller and hysteresis comparators. Additionally, Particle Swarm Optimization (PSO) algorithm is adopted to improve the controller's performances by tuning VGPI and hysteresis comparators parameters. The effectiveness of the proposed DTC control is illustrated by the comparison with optimal and conventional methods. Generally, the hysteresis comparators bands and VGPI controller parameters are adjusted manually, which this method remains difficult and taken much time. In order to overcome this problem, we will employ in the present study the PSO algorithm for optimizing the VGPI controller parameters and the amplitude of hysteresis comparators. In the next section, the Particle Swarm Optimization algorithm was studied [24, 25] .
PSO algorithm research
The Particle Swarm Algorithm is a Swarm Intelligence (SI) technique developed by Kennedy and Eberhart in 1995 [26] . PSO algorithm is inspired by the ability of flocks of birds and schools of fish to change their dispersion and regrouping direction in an unexpected synchronized way.
These behaviors are related to the search for solutions to nonlinear equations in a real search space giving origin to the technique of global optimization. In PSO, the positions of the particles that make up the swarm represent potential solutions to the optimization problem. The current position is represented by x k and is described by the velocity of the particle v k which can be represented by the concept of velocity as shown in Fig. 8 [27] . The velocity of each particle can be modified by Eq. (33) : .
(33)
Using Eq. (33), a certain velocity, which progressively gets close to P best and G best can be calculated. The current searching point can be modified by Eq. (34):
Where x k is the current position, x k+1 is a modified position, v k is current velocity, v k+1 is modified velocity. P best is the best solution observed by current particle and G best is the best solution of all particles, w is an inertia weight, c1 and c2 are two positive constants, and r 1 , r 2 are the random number [28] . The following inertia weight is used by Eq. (35):
Where k max , k are the maximum number of iterations and the current number of iterations, respectively. w min and w max are the minima and maximum weights respectively [28] .
VGPI controller and hysteresis comparators tuned by PSO algorithm
In previous studies, the user has to adjust the value of parameters of the VGPI by the trial and error method to get a better response. The width of the torque and flux hysteresis band has often been chosen with a range of (2.5 % ÷ 4 %) of their rated values. Unfortunately, the selection of these parameters manually is quite tedious. So the values of k pi , k pf , k if , t s , H T and H ψ are found out by utilizing an optimization technique. Here, PSO algorithm is used to calculate the value of the parameter of the Variable Gain PI speed controller and to adjust the band of flux and torque hysteresis comparators which often have to be adjusted by trial and error method, so as to improve the performance of the controlled system. PSO is accurate and fast in the identification of controller's parameters because it converges faster compared to others metaheuristic algorithms [29, 30] .
The flowchart of the optimal DTC control system based PSO algorithm is illustrated in Fig. 9 .
Construction of the fitness function
The band amplitude of hysteresis comparators must be adjusted in such a way that torque and rotor flux ripples are reduced without increasing switching frequency and switching losses. Additionally, the parameters of VGPI controllers must be selected in such a way that overshoot and settling time of rotor speed are minimized and stability of the system is improved. To achieve this, a fitness function is formulated for the optimization process and consists of three terms on Integral Square Error (ISE) index [24] . The concept of optimal DTC is to minimize speed, torque, and rotor flux loops errors. Therefore, a fitness function is defined as: Fig. 8 The concept of a searching point by PSO [27] . Fig. 9 The flowchart of the optimal DTC control system Where e t ω ( ) , e t T e ( ) and e t r ψ ( ) are rotor speed error, torque error and rotor flux error respectively. k ω , k T and k ψ are speed, torque and flux weighting factors. Fig. 10 (a) shows the wind profile applied to the turbine.
Optimization results
The resulting optimum values of the VGPI controller parameters and hysteresis bands of torque and flux comparators are summarized in Table 2 . The optimization results are compared in Table 3 with various degrees of VGPI controller to choose the optimal value of n which gives the best performance indices. Fig 10 (b) , (c), (d) shows this comparison. Analysis of optimization results and performance indices show clearly that the optimum values are obtained with a VGPI controller which has n = 5 as a degree. The values obtained with n = 5 will be adopted for the optimal DTC strategy for comparison with the conventional DTC in the simulations as shown in Fig. 11 . To evaluate the performance of the optimized system (37)
Torque ripples are reduced with lower the RMSE [24] . Performance indices are summarized in Table 3 .
Simulation results
In this part, both Conventional DTC using PI speed controller and optimal DTC based VGPI controller, are simulated and compared regarding references tracking, rotor flux and torque ripples, rotor current harmonics distortion, and robustness against wind speed variations. Simulations are carried out with a 1.5MW DFIG machine connected to a 690 V / 50 Hz grid, using the Matlab software. Parameters of the wind turbine and the Doubly Fed Induction Generator are given in Appendix A and B [31] . Parameters of the PSO algorithm are given in Appendix C.
The wind turbine is subjected to a stepped wind speed profile as shown in Fig. 10 (a) . The system is set to operate below-rated wind speed in which wind power optimization is sought. The determined value of the optimal Tip Speed Ratio λ opt is equal to 6.3 and the maximum power coefficient C p max is equal to 0.438 for the simulated wind turbine model. The referential rotor flux magnitude is set to 1.2Wb, and the referential torque is obtained from the MPPT control. The responses of torque, rotor flux, rotor speed and the rotor currents obtained with conventional DTC and optimal DTC control are compared.
Rotor speed responses
The system responses are observed for rated wind speed applied from start to t = 1.5 sec, and sudden decreasing in wind speed from 11.25 m/sec to 9.25 m/sec applied at time t = 1.5 se, then an impulsive wind speed to 10.75 m/sec is applied at the time t = 3.5 sesec. Fig. 12 (a) shows the responses of the optimal speed and the measured rotor angular velocity of the DFIG obtained for the two strategies. The angular reference speed of the rotor is obtained from the MPPT algorithm. It can be noted that the speed of the generator follows accurately the optimum speed in both methods. Fig. 12 (b) shows that the rotor speed of conventional DTC presents a high overshoots at the start of the simulation. In the optimal DTC control, the optimized controller helps to achieve faster settling without overshoot. The waveform of the Tip Speed Ratio (TSR) at various wind speeds have been presented in Fig. 12 (c) and Fig. 12 (d) . From these waveforms, it can be noticed that the values of the Tip Speed Ratio are kept in reference and the maximum value (λ opt = 6.3) according to the operation of the MPPT algorithm. Fig. 12 (d) shows that, when the wind speed varies suddenly, Tip Speed Ratio can fast reach around the optimal value. However, optimal DTC performs quicker wind speed variation disturbance rejection than the conventional DTC method. Fig. 13 (a) shows a comparison of the electromagnetic torque response produced by the DFIG controlled by conventional DTC and by optimal DTC. In Fig. 13 (b) we can observe that the electromagnetic torque follows its reference value very well but the ripples are not the same for both methods. On the other hand, we can notice the problem of a steady state error. It is clear that optimal DTC reduces torque ripples and corrects the steady state error.
Torque and rotor flux responses
The rotor flux magnitude response for both methods is shown in Fig. 13 (c) and (d) . It can be stated that the rotor flux vector rotates with a constant magnitude and follow its reference value. From Fig. 13 (d) , it's observed that the rotor flux trajectory of both methods is circular. The conventional DTC strategy represents high flux ripples and it is clearly seen that the optimal DTC provides fewer ripples and a better response. Fig. 14 (a)-(d) shows the three-phase rotor currents drawn by Doubly Fed Induction Generator using conventional DTC and optimal DTC schemes. Fig. 14 (a) and (c) shows that the current contains fewer wave distortions in optimal DTC compared to conventional DTC. Fig. 14 (b) clearly depicts that the current drawn using DTC is not pure sinusoidal and contains wave distortions. Fig. 14 (d) shows in optimal DTC that the current drawn by DFIG is sinusoidal and contains fewer ripples compared to the DTC method. However in the starting transient region optimal DTC provides upper rotor currents than the conventional DTC method due to the random searching by PSO of optimum values at start of optimization and require short period of time to adjust the controller's parameters. 
Rotor current responses

Conclusions
In this present study, an optimal Direct Torque Control for a DFIG based wind turbine system was introduced in order to improve the generated wind turbine power. The controlling technique consists of a combination of Variable Gain PI controller and hysteresis comparators. This proposed approach was associated with PSO based evolutionary algorithm to optimize VGPI controller and hysteresis comparators in order to improve the control system performances. A comparison between proposed strategy (optimal DTC) and conventional DTC has been realized in the presence of wind variations. The profound assessment of the two methods is performed. This study has shown that the use of the PSO Algorithm in tuning both the VGPI speed controller and the DTC comparators resulted in a limitation of the speed overshoot and a reduction of the torque and rotor flux ripples. The proposed approach provides then optimum wind power generation and improved dynamic performances compared to the conventional method.
